Cytomegalovirus (CMV) infection is a significant complication after kidney transplantation. We examined the ability of RG7667, a combination of two monoclonal antibodies, to prevent CMV infection in high-risk kidney transplant recipients in a randomized, double-blind, placebo-controlled trial. CMV-seronegative recipients of a kidney transplant from a CMV-seropositive donor (DϩRϪ) were randomized to receive RG7667 (n ϭ 60) or placebo (n ϭ 60) at the time of transplant and 1, 4, and 8 weeks posttransplant. Patients were monitored for CMV viremia every 1 to 2 weeks posttransplant for 24 weeks. Patients who had seroconverted (DϩRϩ) or withdrawn before dosing were excluded from the analysis (n ϭ 4). CMV viremia occurred in 27 of 59 (45.8%) patients receiving RG7667 and 35 of 57 (61.4%) patients receiving placebo (stratum-adjusted difference, 15.3%; P ϭ 0.100) within 12 weeks posttransplant and in 30 of 59 (50.8%) patients receiving RG7667 and 40 of 57 (70.2%) patients receiving placebo (stratum-adjusted difference, 19.3%; P ϭ 0.040) within 24 weeks posttransplant. Median time to CMV viremia was 139 days in patients receiving RG7667 compared to 46 days in patients receiving placebo (hazard ratio, 0.53; P ϭ 0.009). CMV disease was less common in the RG7667 than placebo group (3.4% versus 15.8%; P ϭ 0.030). Adverse events were generally balanced between treatment groups. In high-risk kidney transplant recipients, RG7667 was well tolerated, numerically reduced the incidence of CMV infection within 12 and 24 weeks posttransplant, delayed time to CMV viremia, and was associated with less CMV disease than the placebo. (This study has been registered at ClinicalTrials.gov under registration no. NCT01753167.)
(2-4), these agents have clinically significant toxicities (5) . Furthermore, late-onset CMV disease, which is associated with allograft failure and mortality (6) (7) (8) , has been increasingly recognized as an important complication (9) .
Kidneys are the most commonly transplanted solid organs (10) , and CMVseronegative recipients from a CMV-seropositive donor (DϩRϪ) are the subgroup at highest risk for CMV infection and disease (11) . CMV intravenous immunoglobulin (CMV-IVIG) decreases the incidence of CMV disease in DϩRϪ kidney transplant recipients (12) and has been approved for prevention of CMV disease in SOT and kidney transplant recipients by U.S. and Canadian regulatory agencies, respectively (13, 14) . However, prophylactic use of CMV-IVIG is uncommon (15, 16) , likely due to the availability of oral antivirals and cost (17) (18) (19) .
Compared to polyclonal antibody preparations and small-molecule antivirals, a monoclonal antibody-based therapy may offer several advantages, including higher target specificity, the potential for greater potency with the ability to administer higher doses of antibody, and lower toxicity (17, 20, 21) . RG7667 is a combination of two monoclonal antibodies (MCMV5322A and MCMV3068A) that binds two distinct antigens on the surface of CMV and inhibits its entry into relevant host cells (21) . In a phase 1 study, RG7667 was safe and well tolerated in healthy adults (21) . This phase 2 trial evaluates the safety and activity of RG7667 for the prevention of CMV infection in DϩRϪ kidney transplant recipients.
(This study was presented in part as an oral presentation at the Interscience Conference on Antimicrobial Agents and Chemotherapy [ICAAC]/International Congress of Chemotherapy and Infection [ICC], San Diego, CA, 17 to 21 September 2015 [22] .)
RESULTS
Study population. Of the 120 patients randomized to receive study drug, 116 patients were included in the modified intention-to-treat (mITT) population (59 RG7667, 57 placebo) ( Fig. 1) . One hundred eighteen patients were included in the safety population (60 RG7667, 58 placebo), and 98 patients completed the study (48 RG7667, 50 placebo).
Screened (n = 138)

Excluded
Did not meet inclusion or exclusion criteria (n = 12) Transplant cancelled (n = 4) Withdrew consent due to travel constraints (n = 2)
Discontinued study (n = 12) Adverse event (n = 2) Death (n = 2) Protocol violation (n = 1) Withdrawal by subject (n = 6) Other (n = 1)
Discontinued study (n = 10) Adverse event (n = 3) Death (n = 2) Physician decision (n = 1) Withdrawal by subject (n = 2) Other (n = 2)
Randomized (n = 120)
Allocated to Placebo (n = 60) Received placebo (mITT population; n = 57) Did not receive placebo because D+R+ at screening (n = 2) Withdrew before dosing and no lab data (n = 1)
Allocated to RG7667 (n = 60) Received RG7667 (mITT population; n = 59) Did not receive RG7667 because D+R+ at screening (n = 1)
The majority of patients were male (70%) and white (81.7%). Patients randomized to receive RG7667 and placebo were similar in terms of their baseline age, sex, race, ethnicity, weight, height, region, induction immunosuppression, and donor type ( Table  1 ). The RG7667 group had a higher proportion of glomerulonephritis and a lower proportion of polycystic kidney disease as the reason for transplant. There was a higher proportion with two HLA-DR mismatches and a lower proportion with one HLA-DR mismatch in the RG7667 than the placebo group.
Efficacy. The proportion of patients exhibiting the primary endpoint of CMV viremia within 12 weeks posttransplant was lower in the RG7667 group ( (Table 2 ). However, the stratum-adjusted difference (15.3%) was not significant at the unadjusted 5% level of significance (95% confidence interval [CI], Ϫ2.8% to 32.2%; P ϭ 0.100). The primary endpoint was also observed less frequently in the RG7667 than the placebo group within subgroups stratified by region and induction immunosuppression (see Table S1 in the supplemental material). CMV viremia within 24 weeks posttransplant occurred significantly less frequently in the RG7667 (30 of 59 [50.8%]) than placebo (40 of 57 [70.2%]) group (stratum-adjusted difference, 19.3%; 95% CI, 1.4% to 35.6%; P ϭ 0.040).
The median time to CMV viremia was significantly delayed in patients receiving RG7667 compared to placebo (139 versus 46 days; hazard ratio, 0.53 relative to placebo group; 95% CI, 0.33 to 0.86; P ϭ 0.009) ( Table 2 and Fig. 2 ). Delayed median time to CMV viremia in the RG7667 group compared with the placebo was also observed in b Some patients in the RG7667-treated (n ϭ 2) and placebo-treated (n ϭ 1) groups received valganciclovir therapy on day 1 before there was any evidence of viremia, in violation of the protocol, and were counted in the group of patients that received preemptive therapy. The medical monitor informed the site investigator of the error, who stopped the prophylactic therapy or withdrew the patient. (Table S2 ). Among those with a detectable viral load, the median viral load at initial detection was 342 copies/ml (311 IU/ml) in the RG7667 group and 1,051 copies/ml (956 IU/ml) in the placebo group. The median peak viral load was 2,965 copies/ml (2,698 IU/ml) in the RG7667 group and 6,397 copies/ml (5, Table 2) . A significantly lower proportion of patients in the RG7667 group developed CMV disease within 24 weeks posttransplant than in the placebo group (2 of 59 [3.4%] versus 9 of 57 [15.8%], respectively; P ϭ 0.030) ( Table 2 ). In the RG7667 group, both patients (2 of 59 [3.4%]) experienced an occurrence of CMV syndrome as a late event (onset on days 126 and 145) with no reports of tissue-invasive CMV. In the placebo group, 9 patients experienced 7 occurrences of CMV syndrome and 4 occurrences of tissueinvasive CMV (gastroenteritis, enteritis, or hepatitis). Five of these patients (5 of 57 [8.8%]) experienced CMV syndrome (n ϭ 3, with 3 occurrences) or tissue-invasive CMV (n ϭ 2, with 3 occurrences) as a late event (onset on days 111 to 122).
Safety. There were 698 treatment-emergent adverse events (TEAEs) in 59 of 60 (98.3%) patients in the RG7667 group and 831 TEAEs in 57 of 58 (98.3%) patients in the placebo group (Table 3) . TEAEs were generally balanced between the treatment groups. There was a higher incidence (i.e., difference of at least 10%) of hyperkalemia, pyrexia, leukopenia, and neutropenia in the placebo than RG7667 group; no TEAEs occurred more frequently in the RG7667 than in the placebo group. Kidney transplant rejection occurred less frequently in the RG7667 (3 of 60 [5.0%]) than placebo (9 of 58 [15.5%]) group. Infusion reactions with RG7667 were predominantly mild and not more frequent than with the placebo.
During the entire follow-up period, there were 2 deaths in the RG7667 group (due to amebic encephalitis and acute myocardial infarction) and 2 deaths in the placebo group (due to interstitial lung disease and sepsis). No deaths were deemed related to the study drug. In the RG7667 group, 2 of 60 (3.3%) had at least one serious adverse event (SAE) leading to treatment withdrawal (graft loss). In the placebo group, 2 of 58 (3.4%) had at least one SAE leading to treatment withdrawal (worsening interstitial lung disease and kidney dysfunction).
In the RG7667 group, of the 30 patients with CMV viremia during the study, 16 (53.3%) met predefined criteria for resistance testing, of which 4 (25.0%) had a ganciclovir (GCV) resistance mutation. In the placebo group, of the 40 patients with CMV viremia during the study, 26 (65.0%) met predefined criteria for resistance testing, of which 11 (42.3%) had a GCV resistance mutation. Pharmacokinetics and immunogenicity. The pharmacokinetic disposition of the constituent antibodies of RG7667 was biphasic ( Fig. S1 ), typical of intravenous monoclonal immunoglobulin G (IgG), and their mean terminal half-lives were consistent with those observed in healthy subjects (21) . The proportion of patients with evaluable immunogenicity data who developed antitherapeutic antibodies (ATAs) to MCMV5322A or MCMV3068A after dosing was 14.3% (8 of 56) in the RG7667 group and 6.8% (4 of 59) in the placebo group (see results in the supplemental material). The presence of ATAs was not associated with lower drug exposure (R. Deng, unpublished data).
DISCUSSION
In this phase 2 study, RG7667, a combination of two monoclonal antibodies that inhibits CMV entry into relevant host cells, was administered prophylactically to highrisk (DϩRϪ) kidney transplant recipients. Although RG7667 did not significantly reduce the primary endpoint (i.e., proportion of patients with CMV viremia within 12 weeks posttransplant) compared to placebo, this study demonstrated that RG7667 has anti-CMV activity. Compared with placebo, RG7667 significantly reduced the proportion of patients with CMV viremia within 24 weeks posttransplant, significantly delayed the median time to CMV viremia, and reduced the incidence of CMV disease.
TEAEs were common given the comorbidity burden of the study population, and they were generally balanced between the treatment groups. Notably, kidney transplant rejection, as reported by the investigators, occurred less frequently in the RG7667 than the placebo group. Although biopsy specimens and clinical data were not collected to support the diagnosis of rejection, rejection is a major safety event that would have been reported if it occurred, so we anticipated accurate capture of this outcome. Additionally, GCV resistance was not higher in the RG7667 than the placebo group. Rates of GCV resistance observed in our study may not be comparable to those of other studies due to differences in thresholds for testing, timing of testing, and patient populations. For example, this study exclusively enrolled DϩRϪ patients, who tend to have higher rates of GCV resistance (23) .
The proportion of patients with an ATA response was higher in the RG7667 than in the placebo group. These findings were not unexpected, as clinical immunogenicity to recombinant monoclonal antibody therapeutics is not uncommon (24) (25) (26) (27) . The clinical relevance of this observation is unknown, as there was no measurable effect upon RG7667 pharmacokinetics. Four patients in the placebo group tested negative for ATAs prior to receiving study drug and had at least one positive posttreatment ATA sample. This observation is likely a reflection of the use of two distinct ATA assays (one for each of the two recombinant monoclonal antibodies that make up RG7667), thus increasing the likelihood of positive responses among untreated patients by 2-fold, and the fact that both ATA assays had been developed and validated to be highly sensitive.
Although RG7667 significantly reduced the proportion of patients with CMV viremia within 24 weeks posttransplant, the proportion with CMV viremia still remained high, necessitating additional antiviral therapy. A number of agents, including smallmolecule antivirals and CMV-IVIG, are available to prevent or treat CMV infection and disease (28) . Valganciclovir has emerged as the most commonly used CMV prophylaxis in SOT recipients (29) , but it has significant toxicities, such as neutropenia (5) . Some transplant centers use preemptive antiviral therapy instead of prophylaxis in order to decrease medication toxicities and potentially improve anti-CMV immune responses (23, 28, 30) . However, preemptive therapy still results in significant use of antiviral medication (23) . Use of preemptive antiviral medication was lower in the RG7667 than in the placebo group, so the addition of RG7667 as an adjunct to existing antiviral therapy could enable lower overall exposure to antiviral medications and their toxicities and warrants further investigation.
During the active dosing period, RG7667 also significantly delayed median time to CMV viremia compared to the placebo. Thus, posttransplant treatment with RG7667 may provide benefits by delaying CMV viremia until a time when immunosuppressant doses are lower and CMV infection may be easier to manage (31, 32) . Notably, despite this delay, there did not appear to be deleterious effects as levels of RG7667 decreased. In fact, we observed a smaller proportion of patients with late-onset (i.e., occurring after 3 months) (7) CMV disease in the RG7667 group than with the placebo group during the 24-week study.
Previous evidence from a multicenter randomized controlled trial of CMV-IVIG prophylaxis in the prevention of primary CMV disease in kidney transplant recipients indicated that administration of exogenous antibodies can confer a protective effect, as demonstrated by a 50% reduction in CMV disease in the CMV-IVIG group compared to the placebo (12) . While the exact mechanism is unknown, CMV-IVIG is thought to neutralize free CMV virus, thereby inhibiting its entry into host cells, and may enhance antibody-dependent cell-mediated cytotoxicity (ADCC) (33) (34) (35) . Compared to a polyclonal antibody preparation such as CMV-IVIG, a monoclonal antibody therapy such as RG7667 may have higher target specificity and potency (21) . However, a study directly comparing RG7667 to CMV-IVIG would be required in order to draw conclusions about their relative impacts on CMV viremia.
The mechanism of action of RG7667 involves binding to distinct CMV antigens required for cellular entry, which inhibits infection of relevant host cells (21) . While in vitro assays may not reflect what occurs in patients, we were unable to detect ADCC or complement-dependent cytotoxicity for either MCMV5322A or MCMV3068A in ARPE-19 epithelial cells or human umbilical vein endothelial cells (HUVECs) infected with CMV (data not shown). In fact, ADCC may even be deleterious to transplant patients if it causes a loss of both infected and noninfected cells as a bystander effect, which could lead to dysfunction in organs infected with CMV. Although a T cell response is critical for long-term protection against late-onset CMV disease (36), our study participants were receiving potent immunosuppression, which would have interfered with our ability to assess T cell response.
Although there was evidence of antiviral activity in this study, RG7667 did not lead to the hypothesized reduction in the primary endpoint of CMV viremia within 12 weeks posttransplant compared to placebo. This may have various causes. First, DϩRϪ patients have a particularly high risk for developing CMV viremia (23) . The placebo group had a lower proportion of patients with the primary endpoint than anticipated, resulting in the study being underpowered for the primary endpoint (see the supplemental material). In addition, although RG7667 inhibits CMV entry into epithelial cells, endothelial cells, macrophages, and fibroblasts (21) and would also likely inhibit entry into dendritic cells (37) , the formal possibility exists that RG7667 does not neutralize entry into an unidentified cell type. RG7667 may also not inhibit CMV cell-to-cell spread, which may contribute to CMV viremia (38) . Even though we observed robust neutralization in vitro using two antibodies, we might have demonstrated greater activity if RG7667 had included a greater number of monoclonal antibodies directed at different targets. Finally, greater concentrations of RG7667 in the target tissues and pharmacologic activity may have been achieved with use of a higher dose, an additional loading dose, more frequent dosing, and a longer treatment duration.
While our study involved DϩRϪ kidney transplant recipients who are at the highest risk for CMV infection and disease (11, 23) , we acknowledge that we did not evaluate the use of RG7667 in DϩRϩ patients who comprise the majority of kidney transplant recipients (39, 40) and who are at risk for superinfection by CMV from a CMVseropositive donor, particularly in the setting of intense immunosuppression (40) . Further study of the utility of RG7667 in a broader population of kidney transplant recipients who may suffer from CMV-related consequences would be of clinical interest.
In summary, this phase 2 study demonstrated that RG7667, a combination of two monoclonal antibodies targeting CMV glycoproteins, has antiviral activity in high-risk kidney transplant recipients. Specifically, RG7667 numerically reduced CMV infection within 12 and 24 weeks posttransplant, delayed time to CMV viremia, and was associated with less CMV disease than placebo. Additionally, RG7667 was well tolerated and had favorable pharmacokinetic and immunogenicity profiles. Further studies of RG7667, incorporating study design modifications such as different dosing parameters, for the prevention and treatment of CMV infection and disease in kidney and other transplant recipients and additional populations, such as pregnant women, are warranted.
MATERIALS AND METHODS
Patients. CMV-seronegative patients, at least 18 years old, receiving a first or second kidney transplant from a CMV-seropositive living or deceased donor (DϩRϪ) were enrolled from December 2012 to April 2014 from 39 sites in the United States and European Union. This study was approved by the institutional review board of the study institutions, and all participants provided written informed consent.
Patients were excluded if they were receiving a kidney transplant from a CMV-seronegative donor, were undergoing multiorgan transplant, were suspected of having CMV disease, had received anti-CMV therapy within 30 days before screening or were expected to receive such therapy during the study, had abnormal liver function tests, or had hepatitis B or C or human immunodeficiency virus infection.
Study drug. RG7667 is a 1:1 ratio of two monoclonal antibodies, briefly described here. MCMV5322A is a human, affinity-matured version of MSL-109 that recognizes CMV glycoprotein H (gH) (21) . MCMV3068A is a humanized mouse monoclonal antibody that recognizes the gH/gL/UL128/UL130/ UL131 complex (21) . MCMV5322A and MCMV3068A (20 mg/ml for each antibody) or their corresponding placebos were instilled in a 1:1 ratio into sterile normal saline to achieve the target dose of 10 mg/kg of body weight of each antibody before infusion.
Study design. This phase 2, randomized, double-blind, placebo-controlled trial assessed the safety and activity of RG7667, administered prophylactically, for the prevention of CMV infection. Secondary objectives were to characterize the pharmacokinetics and immunogenicity of RG7667.
At the time of transplant, enrolled patients were randomized at a 1:1 ratio using permuted blocks of four to receive a total of four intravenous doses of RG7667 or placebo. Randomization was stratified by region (United States versus European Union) and use of antithymocyte globulin and/or alemtuzumab for induction immunosuppression. The investigators, site clinical staff, and patients were blinded to treatment assignment. Study drug was administered at the time of transplant (within 24 h before to 48 h after transplant; day 1 was the day of the first infusion) and on days 8, 29, and 57 ( Fig. 3) .
Patients in both study arms received weekly blood draws during weeks 0 to 12 and at least every other week during weeks 13 to 24 after transplant in order to detect and quantify CMV viral load in plasma samples. Due to differences in diagnostic assays, there is no standard accepted threshold for CMV viremia at which to start preemptive therapy (41) ; investigators could therefore initiate preemptive antiviral therapy (e.g., valganciclovir, ganciclovir [GCV], foscarnet, or CMV-IVIG) at their discretion when viral load measurements were deemed clinically meaningful. If CMV disease (i.e., CMV syndrome or tissue-invasive CMV disease as detailed in the supplemental material) was suspected, anti-CMV treatment was initiated.
Efficacy assessments. The primary endpoint was the proportion of patients with CMV viremia (viral load of Ն150 copies/ml [137 IU/ml], the limit of quantification of the assay) within 12 weeks posttransplant. Secondary endpoints included the proportion of patients with CMV viremia within 24 weeks posttransplant, the proportion of patients with CMV disease within 24 weeks posttransplant, time to CMV viremia, viral load at first detection of CMV viremia, peak CMV viral load, and initiation of antiviral therapy within 12 and 24 weeks posttransplant. For endpoint ascertainment, CMV viral load testing was performed by quantitative PCR at a central laboratory on a single platform (COBAS AmpliPrep/COBAS TaqMan CMV test [CAP/CTM CMV test]). CMV viral load testing was also performed on plasma samples at local laboratories to inform decision-making regarding initiation of antiviral therapy.
Safety assessments. Safety data were assessed from screening until 16 weeks following the last dose of study drug (i.e., approximately 24 weeks posttransplant). Adverse events (AEs) were graded according to the National Cancer Institute Common Toxicity Criteria for Adverse Events (NCI CTCAE; v4.0) (42) . Treatment-emergent AEs (TEAEs) were defined as any AEs that occurred after the start of the study drug infusion or were present before but worsened after the start of the study drug infusion. GCV resistance testing was performed as described in the supplemental material. Pharmacokinetics and immunogenicity assessments. Enzyme-linked immunosorbent assays were used to determine serum concentrations of MCMV5322A and MCMV3068A and to screen and confirm the presence of antitherapeutic antibodies (ATAs) as described previously (21; see also the supplemental material).
Statistical analyses. Participant characteristics were summarized for all randomized patients by treatment group using means and standard deviations for continuous variables and frequency counts and percentages for categorical variables.
Efficacy analyses included patients who were DϩRϪ at transplantation with viral load data available for analysis, and patients were assigned to the treatment group to which they were randomized (i.e., modified intention to treat [mITT]). Efficacy endpoints were summarized using frequency counts, percentages, medians, and 95% confidence intervals (CIs). Estimations of the treatment difference and CI between groups were calculated using stratum-adjusted Mantel-Haenszel methodology (43) . For timeto-event analyses, Kaplan-Meier methodology and Cox regression were used (supplemental material).
Safety analyses included randomized patients who had received at least one dose of study drug, with patients assigned to the treatment group associated with the regimen received. Safety data were summarized using frequency counts and percentages. Assessment of kidney transplant rejection was a safety outcome of particular interest and relevance and was made based on safety data (combining the preferred terms "kidney transplant rejection" and "transplant rejection") reported by the investigators. Pharmacokinetic assessment was performed for serum concentration-time data using standard noncompartmental methods and actual blood sampling times. ATA data were summarized by treatment.
Data analysis was performed using SAS version 9.1 (SAS Institute, Inc., Cary, NC) and Phoenix WinNonlin version 6.2 (Certara, L.P., Princeton, NJ) for the pharmacokinetic analysis. An Internal Monitoring Committee (IMC) examined unblinded data to facilitate ongoing monitoring of safety and tolerability. The study was also monitored by a Scientific Oversight Committee that included the IMC members and two external subject matter experts who remained blinded to treatment allocation.
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